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ABSTRACT: In this review I summarize our attempts to prepare supramolecular assemblies from 
phthalocyanine dyes, the objective being to design functional materials that have specific properties, 
e.g. electron conduction. We explore several supramolecular methods to achieve phthalocyanine 
assembly, e.g. by attaching crown ethers to the phthalocyanine rings and combining these with alkali 
metal ions, by providing them with long aliphatic tails, and by using aided assembly techniques such 
as wetting-dewetting interactions on surfaces. Also, chirality has been applied as a tool to produce 
new self-assembled structures. In our studies we focus on the electron conducting properties of 
the molecular materials and on their use as alignment layers for the fabrication of liquid-crystal 
displays.
KEYWORDS: phthalocyanines, supramolecular assembly, crown ethers, liquid-crystalline, chirality, 
electron conduction, alignment layers.
◊ SPP full member in good standing
*Correspondence to: Roeland J.M. Nolte, email; R. Nolte@science.ru.nl.
This is an Open Access article published by World Scientific  Publishing Company. It is distributed under the terms of the  Creative 
Commons Attribution 4.0 (CC BY) License which permits use, distribution and reproduction in any medium, provided the original 
work is properly cited.
Roeland J.M. Nolte is Emeritus Professor of Organic Chemistry at Radboud University, 
Nijmegen, The Netherlands and former director of the Institute of Molecules and  Materials of 
this University. His research interests span a broad range of topics at the interfaces of Supra-
molecular Chemistry, Macromolecular Chemistry, and Biomimetic Chemistry, in which he 
focuses on the design of catalysts and (macro) molecular materials. He is a  member of 
several learned societies and his contributions to science have been recognized with  several 





















































































































Copyright © 2020 The Author(s) J. Porphyrins Phthalocyanines 2020; 24: 1244–1257 
1244 R.J.M. NOLTE
INTRODUCTION
A famous quote says: “If I have seen further it is by 
standing on the shoulder of giants” (Isaac Newton, 
1675) [1]. One of my heroes in science is Sir Patrick 
Linstead, whose name has been given to the award, which 
I was delighted to receive in July, 2018 at the Inter-
national Conference on Porphyrins and Phthalocyanines 
(ICPP-10) in Munich, Germany. Linstead, in a series of 
elegant papers, unraveled the structure of the industrially 
important dye phthalocyanine and developed methods to 
improve its synthesis. My other hero is Donald J. Cram, 
the late professor of organic chemistry at the University 
of California at Los Angeles (UCLA). At the end of the 
1970s, I heard Don Cram speak at a conference in the 
Netherlands and I got very impressed by his research 
activities in a new field of chemistry, i.e. supramolecular 
chemistry. I had a faculty position at the University of 
Utrecht in the Netherlands and I approached him for a 
possible stay in his group. At that time, I worked on helical 
polymers of isocyanides, which I had discovered by chance 
during my Ph.D. studies and he showed a great interest 
in our chiral materials. This contact resulted in stay with 
him at UCLA in 1981–1982. He introduced me to the field 
of supramolecular chemistry and showed me how space-
filling models (Corey-Koltun-Pauling models) could be 
used to design new supramolecular architectures. When 
I returned to my Alma Mater in the Netherlands this stay 
inspired me to start a series of studies on supramolecular 
compounds and materials, e.g. crown ethers, cage 
compounds, and porphyrin and phthalocyanine materials. 
An overview of our studies in the latter area are presented 
in this review, which is based on the award lecture that I 
presented at the ICPP-10 conference.
MASTERING MOLECULAR MATTER
Crown ether phthalocyanines
The overarching theme of my research can be 
summarized as “controlling molecular matter by non-
covalent interactions”, i.e. the design and synthesis 
of molecular materials and catalysts, often inspired 
by systems in nature [2]. During my time in Cram’s 
laboratory I designed a blueprint for ion channels based 
on our polymers of isocyanides (Fig. 1). The rigid 
helical framework of a polyisocyanide was used to align 
crown ether molecules on top of each other, forming an 
extended channel. I synthesized this crown ether polymer 
(1) after I had returned to the Netherlands and showed 
that it could be incorporated into the bilayer membranes 
of synthetic vesicles. Subsequent studies revealed that it 
was able to transport ions across the vesicle membrane 
[3a–3c]. At that time this was one of the first reported 
synthetic ion channels (for reviews see [3d–3f]). 
In subsequent studies we decided to reverse our 
design, i.e. not to use a polymer support for placing 
crown ether rings on top of each other, but instead to use 
these macrocycles to stack dye molecules. Hence, we 
Fig. 1. (a) Polymer of a-phenylethylisocyanide with attached crown ether rings (1); (b) Space-filling model of poly-a-
phenylethylisocyanide (side view). Note that the phenyl rings have a stacked arrangement; (c) Top view of the polymer in (b); 
(d) Space-filling model of poly-a-phenylethylisocyanide with attached crown ether rings. These models were constructed using the 
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attached 15-crown-5 rings to phthalocyanine molecules 
and assembled these into dimers and oligomers with 
the help of alkali metal ions (Fig. 2). We submitted our 
work to the journal Chemical Communications and 
were happy to see that it was accepted. Remarkably, 
however, the editor informed us that at the same 
time two other groups had prepared exactly the same 
compound, making that in one issue three papers 
appeared on crown ether phthalocyanines, i.e from 
the group of Bekâroğlu in Turkey, from the group of 
Kobayashi in Japan, and from our group [4a–4c]. (For 
a review and recent examples, see [4d]). Inspired by 
this initial work we also synthesized the 18-crown-6 
(2) and 21-crown-7 phthalocyanine derivatives [5] and 
measured the conductive properties of stacks of these 
dye molecules with various (alkali) metal ions (Table 1) 
[6a–6c]. Interestingly, the electrical conductivity 
of the materials, as measured by ac impedance 
spectroscopy, increased when alkali metal ions were 
present and depended on the type of alkali metal ion 
in the following way Rb+ > Cs+ > K+. Alkali metal ions 
induce aggregation leading to increased overlap of the 
pi-electron systems of the dyes. This overlap is higher 
for Rb+ than for Cs+ because the former ion has a smaller 
diameter than the latter one, pulling the phthalocyanine 
dyes closer together in a sandwich arrangement. K+ has 
the same diameter as a 18-crown-6 ring and will be 
embedded more inside the crown ether ring leading to 
a less efficient stacking of the rings. In the case of Ba2+ 
ions no stacks were formed but sheets, which resulted 
in a lower electrical conductivity. Just like our group 
Bekâroğlu and coworkers synthesized and studied 
the physical properties of crown ether phthalocyanines 
in detail [4e, 4f]. In later studies we also synthesized 
porphyrazines peripherally substituted with dithia-7-
crown-2, dithia-15-crown-5, and dithia-18-crown-6 
rings. They were found to bind silver (I) and mercury 
(II) ions leading to dimeric structures [6d, 6e]. An X-ray 
structure of a cation-induced self-assembled crown 
ether phthalocyanine has been published recently [6f].
Given our interest in polymers we decided to also 
synthesize crown ether polysiloxane polymers (Fig. 3). To 
this end the dihydroxysilane derivatives of 15-crown-5, 
18-crown-6, and 21-crown-7 phthalocyanine were prepared 
Table 1. Electrical conductivity (s) and activation energy 
(Ea) of stacks of 18-crown-6 copper phthalocyanines and 
various alkalimetal picrates.a






a Measured by ac impedance spectroscopy at 180 °C.
Fig. 2. (a) Structure of 18-crown-6 metal phthalocyanine 2. (b) Schematic representation of the complex between two 18-crown-6 
metal phthalocyanines and four alkali metal ions. (c) Stack of crown ether phthalocyanines and alkali metal ions (black spheres). 




















































































































Copyright © 2020 The Author(s) J. Porphyrins Phthalocyanines 2020; 24: 1246–1257 
1246 R.J.M. NOLTE
and polymerized by heating at 200 °C in the presence of 
CaC2 as a catalyst. The resulting polymers (3) were found 
to be p-type electronic conductors displaying much 
higher conductivities than the monomeric compounds. 
The polysiloxane with 21-crown-7 rings was shown to 
conduct sodium ions, which is of interest for applications 
as a solid-state material in batteries [7]. Together with Dr. 
John Wright from the University of Kent, Canterbury UK, 
the crown ether-based materials were used to construct 
gas sensors that changed conductivity on adsorption of 
NO2 or ammonia. The KCL-treated films turned out to 
be superior to any of the organic semiconductor films 
reported at that time. Also a hand-held device that could 
efficiently detect exhaust gases by the surface plasmon 
resonance (SPR) technique, was constructed (Fig. 3) 
[8a–8c]. Bekâroğlu’s group has been active as well in 
the synthesis of polymers containing crown ether rings 
[8d, 8e]. For a review of crown ether phthalocyanines 
and their polymers as components of molecular iono-
electronic materials and devices see Ref. 8f.
Liquid-crystalline phthalocyanines
Having developed a facile route to create conducting 
stacks of phthalocyanines with the help of supra-
molecular interactions, i.e. crown ether rings and 
alkali metal ions, we looked for other methods to 
achieve such an arrangement. We became aware of an 
interesting paper published by Jacques Simon, in which 
he reported the formation of liquid-crystalline materials 
from phthalocyanines that were provided with long 
alkyl chains [9a]. (For reviews and other examples see 
[9b–9e]). We decided to synthesize a large series of 
phthalocyanines with alkoxy tails (e.g. 4) to see whether 
the combination of a rigid central core surrounded by 
flexible tails could induce columnar architectures, i.e. 
liquid-crystalline phases in which the dyes are stacked 
on top of each other (Fig. 4). More importantly, we 
were interested to investigate whether such stacks 
could facilitate the transport of charges (electrons and 
electron holes). We studied the latter with the help of 
Fig. 3. (a) Polysiloxane with crown ether rings (3). (b) Hand-held sensor with a crown ether phthalocyanine as sensing layer for the 
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ac impedance spectroscopy and found that the materials 
were semiconductors (s = 10-3–10-8 S/m) depending on 
whether they were doped or not [10]. Around that time, 
we came into contact with Drs. John Warman and Thijs 
de Haas from the Delft University of Technology, who 
had developed an interesting method to measure the 
electrical conductivity of materials, i.e. the time-resolved 
microwave conductivity technique. Together with them 
we bombarded the columnar stacks of our mesogenic 
alkoxy phthalocyanines with pulses of high energy 
electrons, which created electrons and electron holes in 
the tails. A number of these diffused to separate stacks 
of phthalocyanines, where they moved up and down 
the piled dyes, which provided conductive paths via 
their overlapping pi-electrons. These ions were detected 
with a beam of microwaves of which the field power 
decreased depending on the concentration and motion of 
the charged species. Over time the electrons and electron 
holes recombined by electron tunneling through the 
aliphatic chains, after which the conductivity died away. 
Interestingly, the decrease of conductivity over time 
depended on the length of the alkoxy chains, which acted 
as an insulating mantle around the phthalocyanine stacks 
(Fig. 5). From the measurements we could calculate 
that the electron jump time in the columnar stacks was 
0.28  picoseconds [11].
In separate studies we synthesized polymers of our 
liquid-crystalline phthalocyanines with the objective to 
Fig. 4. Phthalocyanine with eight hexadecyloxy chains (4), which forms a columnar liquid-crystalline phase over a large temperature 
range (K = crystalline phase, Dho = discotic hexagonal ordered liquid-crystalline phase, I = isotropic phase).
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compare their properties with those of the monomeric 
species. One polymer contained six dodecyloxy groups, 
one methoxy group, and one acryloyloxy- or methacry- 
loyloxydodecyloxy group. The latter functions were 
polymerized under free radical conditions to give 
polymers with molecular weights varying between 9000 
and 47,000 [12a]. An enhanced interaction between the 
phthalocyanine functions was observed in solution, while 
in the solid-state columnar stacks were spontaneously 
formed. Unfortunately, the polymers displayed no liquid-
crystalline behavior. Temperature-dependent lumine-
scence studies revealed that the columns efficiently 
facilitated exciton migration. The phthalocyanine polymer 
easily formed Langmuir-Blodgett monolayers at the 
air-water interface, which could be transferred onto 
various substrates by Y-transfer when mixed with arachidic 
acid [12b]. Another liquid-crystalline phthalocyanine with 
eight undecoxy chains, each terminated by an acryloyl or 
methacryloyl function was synthesized and polymerized 
in the liquid-crystalline phase. After polymerization, 
the liquid-crystalline columnar order was retained even 
at low temperature, as shown by small-angle X-ray 
diffraction [12c]. This polymer displayed an electrical 
conductivity of 5 × 10-5 S/m at 175 °C, which increased 
to 1 × 10-3 S/m after doping with I2. Luminescence 
studies revealed that the stacks of this polymer were 
very efficient conductors of excitons, also at very low 
temperatures. A third polymer system was prepared from 
dihydroxysilanephthalocyanine monomers containing 
eight n-undecoxy tails. This polymer was chosen 
because its structure should be the same as that of the 
columnar mesophase of n-undecoxyphthalocyanine. 
High-resolution solid-state NMR showed that this 
indeed was the case: in both cases the phthalocyanine 
planes were perpendicular to the stacking axis and 
the side chains of both systems displayed a liquid-like 
conformation [12d]. Interestingly, these solid-state NMR 
studies revealed that the phthalocyanine molecules in 
the mesophase rotated around their stacking axis. An 
upper limit of 6.3 kHz for the frequency of the rotation 
was derived from an analysis of the NMR spectra [12d]. 
For other examples of liquid-crystalline phthalocyanine 
polymers, e.g. see [12e–12g].
Our interest in chirality stemming from our studies 
on chiral polyisocyanides made us decide to also 
prepare a chiral alkoxy phthalocyanine and see whether 
it would form chiral liquid-crystalline stacks [13a, 
13b]. Our objective was to investigate whether these 
chiral stacks would conduct electrons and electron 
holes differently than the achiral ones. We synthesized 
the racemic alkoxy phthalocyanine (R,S)-Pc(8,2) and 
the optically active derivative (S)-Pc(8,2) (compound 
5, Fig. 6). The former compound is a mixture of 43 
stereoisomers (16 pairs of enantiomers and 11 meso-
forms) and showed a surprisingly simple phase behavior, 
i.e. a transition from a crystalline (K) to a hexagonal 
columnar phase (Dh) at 70 °C and a transition from 
the latter phase to an isotropic (I) phase at 295 °K 
(Fig. 6). In contrast, the phase behavior of (S)-Pc(8,2) 
was more complex, revealing a new chiral hexagonal 
columnar phase Dh* (Fig. 6a), which displayed a texture 
of spiral concentric rings (Fig. 6b). Solid state NMR 
experiments were carried out to study the conformation 
of the molecules in this liquid-crystalline state. The data 
Fig. 6. (a) Structure of the chiral phthalocyanine Pc(8,2) (5) and the mesophases formed by the (R,S)- and (S)- derivatives. 
(b) Spiralized texture formed by (S)-Pc(8,2) at room temperature. (c) Possible arrangements of the phthalocyanine molecules in de 
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indicated that the methyl groups at the chiral centers 
were positioned alternately above and below the plane 
of the phthalocyanine ring, which could be the origin 
of the chiral superstructure in the Dh* phase [13b]. In 
principle, the Pc molecules in this phase may be arranged 
in three possible ways (Fig. 6c): the molecules may be 
shifted sidewards (out of position) in a helical fashion, 
they may be stacked in a helical fashion by a constant 
rotation of the planes of the molecules in one direction, 
or they may possess an arrangement in which they 
are tilted in a helical fashion. Based on a combination 
of NMR, X-ray, and CD studies it was proposed that 
the latter arrangement was the most likely one. For 
comparison we also prepared a polysiloxane with the 
same chiral side chains. It formed a polymer in which 
the phthalocyanine discs lie on top of each in a helical 
fashion (shish-kebab architecture) [13c]. As expected, 
its CD spectrum was completely different from the CD 
spectrum of the Dh* phase, further confirming that the 
latter phase must have a structure with a helical, tilted 
arrangement of the phthalocyanine rings. We performed 
electrical conductivity measurements and found that 
the chiral phthalocyanine stacks were less efficient 
conductors of electrons and electron holes than the achiral 
phthalocyanine stacks, which is understandable given the 
tilted arrangement of the dye molecules in the former 
material. On the contrary, luminescence experiments 
revealed that exciton migration was the same for both the 
chiral and achiral phthalocyanine assemblies.
Phthalocyanine assembly in solution
As shown above, both the liquid-crystalline and crown 
ether phthalocyanines can form extended stacks, but 
mostly in the crystalline phase and in the mesophase. In 
solution the molecules do aggregate, but the assemblies 
are not large. In order to achieve long self-assembled 
structures in solution as well, we reasoned that it might 
be worthwhile to increase the size of the central disc, 
while still keeping the flexible tails for solubility reasons 
and for providing a proper balance between attractive 
(pi–pi stacking) and repulsive forces (entropy of the 
flexible aliphatic chains) [2]. This made us decide to 
synthesize the extended liquid-crystalline crown ether 
phthalocyanine (6) shown in Fig. 7a. This large disc-
shaped compound (molecular weight 2890 Dalton) 
displayed a transition to a liquid-crystalline Dh phase 
at 148 °C. When dissolved in chloroform it formed an 
organogel, in which a network of extremely long stacks 
of molecules was present (Fig. 7b, 7c). The heat of 
association was measured to be -125 kJ/mol, revealing 
that very strong intermolecular forces, i.e. pi–pi-stacking, 
are responsible for this self-assembly behavior. The 
individual stacks had a diameter of ca. 6 nm, which 
Fig. 7. (a) Structure of the liquid-crystalline crown ether phthalocyanine 6. (b) TEM picture showing a network of fibers formed 
from 6. (c) Magnification of (b) revealing bundles of single stacks with a diameter of ca. 6 nm. (d) Schematic representation of the 
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corresponds to the diameter of 6, and a 
length in the order of several micrometers. 
Together the ten thousands of molecules 
in a stack form a supramolecular cable 
composed of a central electron conducting 
core, surrounded by four ion channels and 
an insulating hydrocarbon mantle (Fig. 7d) 
[14a]. With the help of magnetic fields, 
the stacks of the assembled molecules 
could be aligned to generate macroscopic 
ordering, as probed by in situ polarized 
optical spectroscopy and magnetic-
induced dichroism [14b, 14c].
Given these interesting results we deci-
ded to also prepare the chiral derivative of 6, 
i.e. a compound that contains eight (S)-3,7-
dimethylo ctyl side chains (com pound 7; it 
has the same chiral side chains as compound 
(S)-Pc(8,2), see Fig. 6). Compound 7 
assem bled in chloroform solution to yield 
Fig. 8. (a) Structure of chiral crown ether phthalocyanine 7. (b) Bundles of left-handed helices formed from right-handed stacks of 7. 
A: TEM picture, B: drawing of the bundles, C: bundles after addition of K+ ions, D: drawing of the bundles in C. (c) Relationship 
between the staggering angle and the crossing angle. (d) Calculated curve revealing that at a staggering angle of 6.5° the super-helix 
changes helix direction.
Fig. 9. Process of transfer of chiral information in the self-assembly of chiral 
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long right-handed helices, which further aggregated to 
form bundles of super left-handed helices (Fig. 8a, A, B). 
The right-handed helicity of the single fibers was 
determined by circular dichroism studies in which 
the direction of the stacked discs was compared to the 
direction of the discs in polymers prepared from the 
dihydroxyslicon derivative of 7. This revealed that the 
discs were lying on top of each other and were shifted 
out of position by a clockwise rotation (see Fig. 8c). The 
single right-handed fibers of 7 have a grooved exterior 
and two fibers can maximize their van der Waals contact 
by bending over in order to fit in each others’ grooves. 
The tilting angle between the fibers is called the crossing 
angle a and this angle is related to the staggering angle 
f between the discs via the formula shown in Fig. 8c. 
Calculations (Fig. 8d) showed that when the staggering 
angle is larger than 6.5° a super-coiled structure is 
formed with a helical sense opposite to that of the 
original helix. From the crossing angles determined from 
the electron micrographs a staggering angle of 12° could 
be calculated. Our studies revealed that the self-assembly 
of 7 followed a process in which chiral information is 
transferred stepwise, i.e. from the chiral centers in the 
side-chains to the discs, then to the single fibers, and 
finally to the bundles of fibers (Fig. 9). If this analysis 
is correct, it should be possible to block the information 
transfer, i.e. by forcing the discs to adopt a face-to-face 
(eclipsed) conformation, in which case the helicity would 
be lost. This was tested by adding alkali metal ions to 
the solution containing the fibers. These can bind in and 
between the crown ether rings of the stacks and force the 
phthalocyanine discs to be eclipsed. The outcome would be 
strait fibers. Electron microscopy showed that this indeed 
was the case (Fig. 8b, C, D) [15]. The self-assembling 
behavior of compound 7 deposited on graphite surfaces 
was also studied by STM. Both unstable face-on and 
stable edge-on structures were observed. The former one 
could be transformed into the latter one with the help of 
the tip of the STM instrument [15b]. The polymers of 
the dihydroxysilicon derivative of 7 were investigated by 
STM as well. Just like 7 they formed very long stacks of 
molecules lying edge-on on the graphite surface [15c].
It is remarkable that a single center of chirality in a 
floppy side chain can have such a large effect on the self-
assembly process of the phthalocyanine molecules. We 
further investigated the effect of chirality and prepared 
three crown ether phthalocyanines with chiral centers in 
the crown ether rings (compounds 8–10, Fig. 10). None of 
these compounds formed helical fibers, probably because 
the chiral centers (9, 10) or axis of chirality (8) prevented 
the molecules from stacking [15d]. Interestingly, compound 
11, which has an even larger pi-surface than 6 and 7 because 
it contains 4 tetra(thiafulvalene) crown ether functions, 
did form aggregate in solution, namely long left-handed 
and right-handed tapes [15e]. (For stacks of other chiral 
non-phthalocyanine molecules see [15f]). Experiments to 
prepare phthalocyanine discs that were even larger than 
11 turned out to be unsuccessful because the compounds 
could not be sufficiently purified. We decided, therefore, to 
use porphyrins as building blocks and designed compounds 
12 and 13, which contain a central benzene ring to which 6 
or 12 porphyrins are attached (Fig. 11).
Compound 12 is propeller-shaped, while compound 13 
has the form of a yo–yo. Both 12 and 13 easily 
 self-assembled in solution to give very long stacks of 
molecules, which could be visualized by STM (Fig. 11c, 
11d). Interestingly, when a drop of a solution of 12 or 13 
in chloroform was deposited on a surface very large, 
i.e. micrometer-sized, rings were formed (Fig. 11e, 11f) 
[16a–16g]. Extensive studies revealed that they were 
generated by a process of self-assembly and aided assem-
bly, see Fig. 12a. When deposited on a surface the sol-
vent in the drop of a solution containing 12 or 13 starts to 
evaporate. At a certain point, the film thins to the extent 
that it becomes unstable and pinholes are formed, also 
called 2D gas bubbles. At the corner of the pinhole and 
the film the solvent evaporates more quickly than on the 
surface of the film itself. This leads to a flow of porphyrin 
molecules in the direction of the pinhole, where they pre-
cipitate after the solvent has been completely evaporated. 
This mechanism suggests that the rings should be com-
posed of stacks that have a radial arrangement. Indeed, 
fluorescence studies with linearly polarized light showed 
fluorescence patterns that are in agreement with such an 
ordering of the rings (Fig. 12b and 12c).
Supramolecular phthalocyanine assemblies  
as components of alignment layers
Liquid-crystal displays (LCDs) have found application 
in many all-day devices including televisions, computer 
monitors, watches, and instrument panels. LCDs contain 
pixels, which are composed of a liquid-crystalline matrix 
that is kept between two parallel indium-tin oxide (ITO) 
plates, which are rotated 90 degrees. The plates contain 
grooves that align the liquid-crystalline molecules in 
such a way that going from one plate to the other the 
LC matrix makes a 90-degree twist [17a–17d]. Light can 
travel through the pixel, which looks bright, but when 
a voltage is applied over the plates the LC arrangement 
is disturbed and no light is passed. Hence, the pixel 
is dark. The grooves are made by a process called 
rubbing, which is already in use since the 1920s. It is 
efficient, but produces dust, which is unfavorable for 
the LCD production. A lot of research has been devoted 
to replacing the rubbing process by other non-contact 
technologies [18a–18e]. We have developed a procedure 
to make alignment layers by a supramolecular assembly 
process. We discovered that immersing an ITO plate in 
a 2 wt% solution of compound 14 in toluene resulted in 
the formation of an alignment layer capable of aligning 
4-n-pentyl-4′-cyanobiphenyl (5 CB) (Fig. 13). Scanning 
electron microscopy and atomic force microscopy 
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Fig. 10. Chemical structures of phthalocyanines 8–11 with extended crown ether rings.
groove-like structures, similar to those generated by 
conventional rubbing. The anchoring energy, which 
is an indication of the interaction energy between the 
alignment layer and the LC matrix, turned out to be of the 
same order of magnitude as found for rubbed alignment 
layers. Further studies showed that the ITO surface 
contained tiny grooves, resulting from the production 
process, which acted as seeds for the formation of the 
alignment layer. Compound 14 was shown to form 
dimers and oligomers in solution, which adsorbed onto 
the surface and self-assembled starting from the small 
ITO grooves, amplifying them more than thousand times 
by a process of self-assembly [19a–19d].
We subsequently set out to improve the interaction 
between the alignment layer and the liquid-crystal-
line molecules. To this end we applied a second ortho-
gonal assembly process using pyridine-functionalized 
siloxane 15 and zinc phthalocyanine molecules (Fig. 14). 
A mixture of compounds 15 and 16 was found to 
generate  alignment layers as well, as evidenced by the 
micro meter sized grooves that were visible on ITO by 
AFM (Fig. 14). Addition of a chloroform solution of 
zinc phthalocyanine 17 resulted in the formation of 
large objects on the surface with a height of circa 50 nm 
(Fig. 15a, middle). These objects turned out to be stacks 
of ZnPc molecules and are formed by initial coordina-
tion of ZnPc molecules to the pyridine functions in the 
alignment layers followed by a surface-templated growth 
process [20]. Polarized FTIR measurements on the CH-
stretching vibrations of the alkyl tails of the stacks revea-
led that the tilt angle Y of the phthalocyanine rings with 
respect to the surface is 51.4° (Fig. 15a, middle). Each 
object is a cluster of stacks of ZnPc molecules. We rea-
soned that the alignment capabilities of the layers with 
phthalocyanine stacks could be affected by the addition 
of molecules that destroy these stacks, e.g. 1,4-diazabi-
cyclo[2.2.2]octane (DABCO). This turned out to be the 
case. By pulling a solution of DABCO through the cells, 
a wave front could be seen travelling changing the align-
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Fig. 11. (a) Disc containing 6 tetraphenyl porphyrins with long tails (compound 12). (b) Disc containing 12 tetraphenylporphyrins 
with long aliphatic tails (compound 13). (c) Self-assembled stacks formed from 12. (d) STM picture showing stacks from 12. 
(e) TEM picture of large rings formed from compound 12 on a surface. (f) Large ring formed from compound 13.
Fig. 12. (a) Process by which the large porphyrin rings are formed (see text). (b) Studies with polarized light revealing how the 
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decomposed the stacks, probably because this compound 
coordinates to the zinc centers of the phthalocyanine 
molecules (Fig. 15a, right). The effects describe above 
could be confirmed by measuring the anchoring energies 
of the various alignment layers. For the alignment layer 
composed of 15 and 16 the anchoring energy amounted 
to 9.0 × 10-6 Jm. This value increased to 4.8 × 10-5 Jm-2 for 
the alignment layer on plates containing the zinc phtha-
locyanine stacks. This value is 2–3 times higher than the 
reported value for rubbed polyimide align-
ment layers, currently used in industry. The 
increase in anchoring energy is a result 
of the stronger interactions of the 50 nm 
phthalocyanine stacks with the bulk of the 
liquid crystal. In the case of conventional 
alignment layers this interaction is just with 
the first few layers of the liquid-crystalline 
 molecules. Interestingly, the interaction can 
be tuned: addition of DABCO in nano molar 
 concentration resulted in a complete loss of 
anchoring energy, whereas the addition of 
pyridine reduced it by a  factor of 2.5 [20].
OUTLOOK
Traditionally, molecular materials are 
composed of molecules that are held 
together by strong covalent bonds. The 
most important examples are polymers and 
since Staudinger’s landmark experiments 
in the 1920s [21a] many different types 
have been reported, prepared by various 
techniques including condensation and 
catalytic procedures [21b–21c]. With the advent of 
supramolecular chemistry in the 1960s–1970s, scientists 
started look ing in a different way at molecular materials. 
It was realized that they might also be prepared by using 
non-covalent interactions, e.g. hydrogen bonding, van 
der Waals interactions, electrostatic interactions, and 
coordination bonds [2]. Furthermore, it was envisioned 
that entropy and chirality might be set in as design 
Fig. 13. Non-contact alignment layers formed from compound 14 by a process 
of self-assembly on ITO plates, which were used to construct a twisted-nematic 
liquid-crystal display.
Fig. 14. Improvement of the interaction between the alignment layer and the liquid-crystalline matrix by applying two orthogonal 
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tools to construct new types of molecular materials. 
A great advantage of the supramolecular approach is 
that the building blocks can be designed and synthesized 
separately. In a subsequent step they are organized by 
applying non-covalent interactions to generate a material 
with designed properties aimed to fulfil a specific 
function or property. Alternatively, the covalent and non-
covalent approaches may be combined to give materials 
with hybrid properties. In that sense they mimic the 
multitude of structures found in nature, such as the intra- 
and intermolecular matrices present inside and between 
cells in living organisms. An interesting possibility is to 
use dye molecules such as phthalocyanines as building 
blocks for the construction of molecular materials via 
non-covalent interactions. A phthalocyanine molecule 
possesses a large flat surface and many π-electrons, 
allowing it to be organized in specific ways with the 
help of supramolecular interactions as has been shown 
in this review article. Phthalocyanines were first 
reported in 1907 but did not find immediate use [21d]. 
It was only after the studies by Sir Patrick Linstead 
that these dyes found applications in photovoltaics, 
photodynamic therapy, nanoparticle construction, and 
catalysis [21e]. Until now the supramolecular chemistry 
of phthalocyanines has received less attention, but we 
hope that the different possibilities to assemble these 
dye molecules into functional materials, as described 
here, will lead to further applications in areas that are of 
interest to both academia and industry.
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